Paper sludge ash was converted into a zeolitic product with high cation exchange capacity (CEC) through acid leaching. The raw ash was treated with 1 M HCl, 1 M HNO 3 and 1 M CH 3 COOH solutions. Ca and Mg were more easily extracted from the ash than Si and Al, and the Ca extractions using HCl and HNO 3 were higher than that from CH 3 COOH. Element extractions and leachant pH in the HCl and HNO 3 solutions were similar and steady state was achieved after 2 hours of leaching. A zeolitic product was synthesized from the 2-hour 1 M HCl ash leach by reaction of the residue with 2.5 M NaOH solution (80℃, 24 hours). Zeolite-A was synthesized from leached ash, and the CEC of the zeolite produced from leached ash (130 cmol/kg) was higher that that from raw ash (40 cmol/kg), and similar to that obtained when leaching ash for 24 hours.
INTRODUCTION
During the manufacture of recycled paper, paper sludge is discharged as an industrial waste. Over 3 million tonnes of sludge are discharged per year in Japan, and approximately 8 and 2 million tonnes are discharged in the United States and the United Kingdom, respectively [1, 2] with these amounts increasing annually. To reduce its volume, the sludge is incinerated, and paper sludge ash is produced. Although paper sludge ash is used as a cement additive and as a material for artificial aggregates [3, 4] , a large amount of the ash is disposed of by dumping. It has become increasingly difficult to secure sufficient land capacity for waste disposal and it is therefore essential to develop new techniques of ash utilization for further recycling.
The conversion of ash into zeolite has recently been investigated [5] [6] [7] . In this process, aluminosilicate, which is the main component of the ash, is transformed into zeolites by reaction with alkalis. Because of their unique pore structures and ion exchange properties, zeolites, including those synthesized from paper sludge ash, are used in water purification and to improve soil characteristics [2, 8] .
Calcite, which is used in paper as a filler, has resulted in recent ash contents high in calcium (in the form of anorthite and gehlenite). It has been reported that calcium-containing ash can be converted into zeolites, but that the product has a low cation exchange capacity (CEC) [9] . Moreover, it has also been reported that calcium compounds in the ash prevent the separation of the product slurry into solid and liquid fractions during filtration and sedimentation [10] . The reduction of calcium content, therefore, is an important issue in the production of desirable zeolite materials.
To control the calcium content for zeolite synthesis, we propose a calcium reduction process through pre-treatment of the paper sludge ash by acid leaching. Many researchers have reported on the synthesis of zeolites from coal fly ash by hydrothermal activation methods, such as classic alkali activation [11] , alkali fusion [12] , and two-stage synthesis [13] . In previous studies, we leached paper sludge ash with HCl to reduce its Ca content and converted the leached ash into products with high CEC, including zeolite-P and zeolite-A [14] . Zeolite syntheses from raw and leached ash were compared to establish the reaction mechanism [15] . Acid leaching is simple, has low energy consumption as it requires no prior heating, fusion, or addition of other reagents and two dangerous waste solutions from acid leaching (acid) and zeolitization (alkali) can be simultaneously neutralized by mixing with one other. In addition, the leached Ca-solution can be used to convert Na-to Ca-zeolite, which is more environmentally friendly [16] . Little information is available, however, on the pre-treatment of raw ashes by acid leaching with acid solution other than HCl. Furthermore, the leach time required to synthesize zeolitic materials (which is important for the equipment design) has not been established.
In this study, Ca removal from paper sludge ash via acid leaching was investigated to synthesize a zeolitic material with high CEC. We compared the leaching behavior of three different acid solutions, with additional aims of reducing the synthesis time as compared with previous studies [14] and obtaining a product with high CEC.
EXPERIMENTAL

Paper Sludge Ash
Paper sludge ash (PSA) was obtained from a paper company in Japan and is the same material as used in a previous study [14] . The ash composition, determined by energy dispersive X-ray spectrometry (E-MAX energy EX-200, Horiba), is given in due to its CaO content [17] .
Acid Leaching
The ash was leached using 1 M HCl, HNO 3 and CH 3 COOH solutions. Twenty five grams of ash were added to 100 mL of each acid solution (solid/liquid ratio of 1/4). This mixture was stirred for 0-6 h with a magnetic stirrer. After stirring, the solid was separated from the solution by centrifugation, washed with pure water (purified through reverse osmosis membranes using a Millipore Milli-Q Labo system), and dried at 60℃ overnight in a drying oven. Solid samples were analyzed by X-ray diffraction (XRD) (Rint-2200U/PC-LH, Rigaku). The pH of each leachant was measured using a pH meter (PH/ION Meter F-23, Horiba).The solution concentrations of the leached elements, Si, Al, Ca and Mg were determined by an inductively coupled plasma method (ICP-AES) (SPS4000, Seiko), and the extraction ratios of each element from the ash were calculated as follows: 
Zeolite Synthesis
Raw ash and the ashes leached with the 1 M HCl solution underwent the zeolitization process. Five grams of each sample were added to 50 mL of 2.5 M NaOH solution in a 100-mL polymethyl pentene Erlenmeyer flask with Dimroth condenser. Zeolites formed from this alkali reaction under atmospheric pressure at 80℃ for 24 h. After the alkali reaction, the solid product was separated from the solution by filtration, washed with pure water and dried at 60℃ overnight in a drying oven. The product was analyzed by XRD, and the concentrations of Si and Al in the solution after the synthesis were determined by ICP-AES.
Cation Exchange Capacity
The CEC of the product was measured by the modified Schörrenberg's method [18] . The exchangeable cations in the product were replaced by NH 4 + using a 1 M ammonium acetate solution.
This process was repeated three times for 20 min per exchange. The sample was then washed with 80% EtOH solution to remove excess salt. The NH 4 + was then replaced by K + using a 10% KCl solution for 20 min. This process was also repeated three times. Finally, NH 4 + in the KCl solution was analyzed by the method of Koyama et al. [19] to determine the CEC of the sample. The extraction of Ca by both the HCl and HNO 3 solutions was similar and higher than that by the CH 3 COOH solution, because the CH 3 COOH solution is a weaker acid than the HCl and HNO 3 solutions (the increase in solution pH when using CH 3 COOH was more rapid than for the other two acids). Ca and Mg contents were more easily extracted from the ash than Si and Al and were extracted rapidly initially before leveling off. Saturation of Mg and Ca was achieved in approximately 15 min. Although Si was extracted initially, it decreased to zero within 2 hours of leaching. [14, 20] ). Figure 2 shows the XRD patterns of (a) raw ash and the ashes leached with (b) HCl, (c) HNO 3 and (d) CH 3 COOH solution after six hours of leaching. The raw ash is composed mainly of crystalline gehlenite, anorthite and talc, and the spectra of the three leached ashes are almost identical to that of the raw ash. It is suspected that the elements extracted from the raw ash originated from amorphous phases in the ash, and the Si and Al which are dissolved into the solution precipitate as an amorphous material, which can then be converted into a zeolite crystal [14, 15] .
From these results, HCl and HNO 3 solutions are proposed to be better for leaching than CH 3 COOH, and a suitable leaching time for zeolite synthesis would be considered to have passed once the Si and Al in solution had been reduced to zero.
Zeolite Synthesis from Leached Ash
Ash leached with a 1 M HCl solution for 2 hours was used to synthesize a zeolitic material, and the product from the leached ash was compared with that from raw ash. Figure 3 shows XRD spectra of the product from raw (product-1) and leached ash (product-2). Gehlenite and anorthite are the main crystalline substances in both the raw and leached ash. In the products from both ashes, the anorthite peaks are less intense than those in the raw ash, indicating that a part of the anorthite dissolves in the alkali solution, while gehlenite does not seem to be affected. However, the zeolite phases in the product from each ash are different. The zeolite phase formed from raw ash is hydroxysodalite, while the zeolite phase formed from leached ash is zeolite-A. These differences are caused by the presence of the amorphous phase after acid leaching of the ash. Figure 4 shows SEM photographs of (a) the raw ash, (b) product-1, and (c) product-2. Raw ash consists of a mixture of irregular-shaped and spherical particles with rough and smooth surfaces, respectively (Fig. 2(a) ). Products-1 and -2 consist of aggregates of elliptical ( Fig. 2 (b) ) and cubic particles (Fig. 2  (c) ), respectively. As shown in Figure 3 , the products from the raw and leached ash contain hydroxysodalite and zeolite-A, respectively. Hydroxysodalite (Na 6 Al 6 Si 6 O 24 ･8H 2 O) is a member of sodalite group and has a framework structure composed of 4and 6-membered rings of SiO 4 and AlO 4 tetrahedra. Zeolite-A (Na 12 Al 12 Si 12 O 48 ･27H 2 O) crystallizes in a typical cubic form. Its structural framework is built of 4-and 8-membered rings. It is noted that the 8-membered rings are larger than the 6-membered rings of hydroxysodalite, and the CEC of zeolite-A is higher than that of hydroxysodalite, while the Si/Al ratio is the same (Si:Al = 1:1). Table 2 shows the Si and Al concentrations in alkali solution after synthesis, and the CECs of the product. For product-1, the concentration of Al in the alkali solution was much higher than that of Si, and the resultant product was hydroxysodalite. For product-2, the concentration of Al in the alkali solution was slightly higher than that of Si, and zeolite-A was produced. It is reported that the high affinity of Ca ions for the silicate species limited the dissolution of Si into the alkali solution, and hydroxysodalite was synthesized in the Al-rich solution [21] . The removal of Ca from the raw ash via acid leaching promoted the dissolution of Si, which was available for reaction with Al to create an aluminosilicate gel. This gel then crystallized to form zeolite-A and resulted in a high Si and low Al final solution contents. The CEC of product-2 was higher than that of product-1, as product-2 contained a zeolite phase with higher CEC (zeolite-A). The high CEC (about 130 cmol/kg) of product-2, synthesized via a 2 hour acid leach of ash, was almost the same as that obtained from a 24 hour ash leach as reported in a previous study [14] . It is believed that the leaching time after decreasing the Si and Al solution contents to zero is sufficient to synthesize a zeolitic material with high CEC.
CONCLUSIONS
We tried to convert paper sludge ash into a zeolitic product with high CEC through acid leaching. Raw ash was treated with 1 M HCl, HNO 3 and CH 3 COOH solution for 0-6 h. Ca and Mg were more easily extracted from the ash than Si and Al, and the extractions of Ca by HCl and HNO 3 were higher than that by CH 3 COOH. The elemental extraction and leachant pH response of the HCl and HNO 3 solutions were very similar. In the HCl and HNO 3 solutions, maximum extraction of Ca and Mg was achieved in 15 min, while the contents of Si and Al extracted initially, decreased to zero after 2 hours. Steady state was achieved after 2 hours for acid leaching with HCl and HNO 3 . A zeolitic product was synthesized from the ash leached with 1 M HCl by reaction with 2.5 M NaOH solution at 80℃ for 24 hours. Hydroxysodalite and zeolite-A were synthesized from raw and leached ashes, respectively, and the CEC of the product from the leached ash was 130 cmol/kg, which was higher that that from raw ash (40 cmol/ kg), and almost the same as that obtained from a 24 hour ash leach as reported in a previous study.
These results suggest that the acid leaching of PSA by HCl and HNO 3 result in a similar response with sufficient leaching time for zeolite synthesis having been obtained once the solution Si and Al content has decreased.
